Abstract: Fasciclin family proteins have been identified as cell adhesion molecules in various organisms. In this study, a novel Magnaporthe oryzae fasciclin-like protein encoding gene, named MoFLP1, was isolated from a subtractive suppressive cDNA library and functionally analyzed. Sequence analysis showed that the MoFLP1 gene contains an open reading frame (ORF) of 1050 nucleotides encoding 349 amino acids with a calculated molecular weight of 35.85 kDa and a pI of 7.76. The deduced MoFLP1 protein contains a 17-amino acid secretion signal sequence and an 18-amino acid sequence with the characteristics of a glycosylphosphotidylinositol (GPI) anchor additional signal at its N-and C-terminuses, respectively. Potential N-glycosylation sites and domains involving cell adhesion were also identified in MoFLP1. Sequence analysis and subcellular localization by the expression of MoFLP1-GFP fusion construct in M. oryzae indicated that the MoFLP1 protein is probably localized on the vacuole membrane. Two MoFLP1 null mutants generated by targeted gene disruption exhibited marked reduction of conidiation, conidial adhesion, appressorium turgor, and pathogenicity. Our results indicate that fasciclin proteins play important roles in fungal development and pathogenicity in M. oryzae.
INTRODUCTION
The rice blast fungus, Magnaporthe oryzae, is responsible for significant losses in rice production worldwide and is considered as a model organism for studying fungus-plant interactions (Ou, 1985; Valent, 1990; Ebbole, 2007) . The infection begins when the three-celled airborne conidia of M. oryzae is attached to the rice leaves. Germ tubes emerge from the conidia and subsequently differentiate into domeshaped cells called appressoria, which then directly penetrate the host cuticle using the enormous turgor pressure generated in them (de Jong et al., 1997) .
After penetration, the bulbous, branched infectious hyphae rapidly spread to adjacent cells and form conidiophores to release conidia into the environment to initiate new infection (Ou, 1985) .
Fasciclin protein was first identified as a neuronal cell adhesion molecule in grasshopper (Bastiani et al., 1987) . It is a glycosylphosphotidylinositol (GPI)-linked cell surface protein that mediates homophilic cell adhesion (Elkins et al., 1990) . Up to now, multifarious fasciclin-like proteins have been found and identified in various species, including bacteria (Carr et al., 2003) , algae (Huber and Sumper, 1994) , lichens (Paulsrud and Lindblad, 2002) , fungi (Miyazaki et al., 2007) , animals (Kawamoto et al., 1998) , and higher plants (Schultz et al., 2000; Johnson et al., 2003; Faik et al., 2006) . Some vertebrate extracellular matrix (ECM) proteins from mammals, such as βig-h3 (Skonier et al., 1992) , osteoblastspecific factor 2 (Takeshita et al., 1993) , and RGD-CAP/βig-h3 (Hashimoto et al., 1997) , were also identified as fasciclin-like proteins. In humans, stabilin-1 and stabilin-2, and FEEL-1 were also found to contain FAS1 domains (Politz et al., 2002; Adachi and Tsujimoto, 2002) . Far-ranging existence of these fasciclin-like proteins implies that the proteins are evolutionarily conserved and have an important function. From various organisms, the fasciclin domain-containing proteins have been shown to function as adhesion molecules (Huber and Sumper, 1994; Kawamoto et al., 1998; Kim et al., 2000; Ohno et al., 2002; Sato et al., 2004) . However, the biological function of the homologues of these proteins in phytopathogenic fungi is still unknown.
In the present study, we isolated a Magnaporthe fasciclin-like protein-encoding gene, namely, MoFLP1, and investigated its role in fungal development and pathogenicity in M. oryzae by targeted gene disruption. The deduced amino acid sequence of MoFLP1 contained homologous regions to the fasciclin domain of plant fasciclin-like arabinogalactan proteins (Johnson et al., 2003) . Cellular localization indicates that MoFLP1-GFP transcripts were distributed distinctly in vacuoles, possibly located on the membrane vacuoles. Based on molecular characterization of the ∆moflp1 mutants, we found that a loss of MoFLP1 in M. oryzae led to significant reductions of conidiation, conidia adhension, and pathogenicity, which indicates that MoFLP1, a putative fasciclin-like protein, plays important roles in cell differentiation and pathogenicity in M. oryzae.
MATERIALS AND METHODS

Fungal strains and culture conditions
M. oryzae strain Guy11 and mutant strains were cultured on complete media (CM) (Talbot et al., 1993) at 25 °C with a 12-h photophase using fluorescent lights or cultivated in liquid medium at 25 °C in the dark with agitation (150~180 r/min). To investigate vegetative mycelial growth characteristics, the fungus was grown on three media: MM (minimal medium), MM-N (MM medium without the nitrogen source), and MM-C (MM medium without the carbon source) media (Liu et al., 2007) .
DNA isolation and manipulation
Extraction of M. oryzae genomic DNA was carried out using a hexadecyltrimethylammonium bromide (CTAB) method as described by Talbot et al.(1993) . Polymerase chain reaction (PCR), gel electrophoresis, restriction enzyme digestion and ligation reactions were all performed using standard procedures (Sambrook et al., 2002) . Southern blot analysis was performed by using the digoxigenin (DIG) high prime DNA labeling and detection starter kit I (Roche, Germany).
Isolation and sequence analysis of MoFLP1
A cDNA clone (s98, GenBank accession No. CK828185) for MoFLP1 gene, with putative protein sequence homology to a fasciclin/βig-h3 protein, was isolated from a previously constructed Magnaporthe suppression subtractive cDNA library (Lu et al., 2005a) . The cDNA fragment containing full open reading frame (ORF) of MoFLP1 was amplified from a mature Magnaporthe appressorium cDNA library (Lu et al., 2005b) using the forward primer 5′-C CTCCAGTCGCCCTTGTCACCCTCGTAA-3′ and the reverse primer 5′-GGCGCATCTTTCTTTTCC TTGGTCATCGTT-3′. The amplified product was cloned into a pGEM-T vector (Promega, USA), and sequenced.
The basic local alignment search tool (BLAST) algorithm in GenBank was used to search homology of nucleotide and amino acid sequences. Alignment of amino acid sequences was done using ClustalW (http://www.ebi.ac.uk/clustalw/) (Thompson et al., 1994) . The signal peptide sequence and cleavable site of MoFLP1 were estimated by SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/) (Dyrløv Bendtsen et al., 2004) . N-glycosylation sites of MoFLP1 were identified using PROSITE (http:// www.au.expancy.org/prosite) (Bairoch et al., 1997) . The C-terminal GPI anchor and cleavage site were predicted using big-PI predictor (http://www.mendel. imp.ac.at/gpi/gpi_server.html) (Eisenhaber et al., 1998) .
Generation of the MoFLP1-GFP fusion construct under control of the NAR promoter A 1.4-kb NotI-SpeI hygromycin resistance gene (HPH) fragment was inserted into the NotI-SpeI site of pEGFP vector (Clontech, USA) to produce plasmid pEGFP-HPH. The HPH gene was cloned from plasmid pCB1003 (Carroll et al., 1994) using primers 5′-CCgcggccgcCTACTCTATTCCTTTGCCCTCG-3′ and 5′-CCactagtTGGAGGTCAACACATCAAT-3′. The promoter fragment of the NAR gene was cloned from the plasmid pNAR (Lu et al., 2007a) by PCR using primers 5′-CAtctagaGGGAAGCGATTGC GTT-3′ and 5′-GGggatccCCATGGTGTCGGTTGT GGTG-3′ and inserted into the XbaI-BamHI site of pEGFP-HPH to produce pNAR-EGFP vector. Subsequently, the coding domain of the MoFLP1 gene without the stop codon (TAA) was amplified with primers 5′-TTGGTACCATGAAATTTACTATTA CCGTCT-3′ and 5′-TTACCGGTAGACCCGTAAT AATAGCGACGC-3′ and inserted into the KpnI-AgeI site of pNAR-EGFP to generate pMoFLP1-GFP. The resulting vector, namely, pMoFLP1-GFP, was introduced into protoplasts of Guy11 after linearization by XbaI. Single-copy genomic integration of the resulting transformants was confirmed by Southern blot analysis. Fluorescence signal of the transformants was detected using a Leica TCS SP5 inverted confocal laser scanning microscope (Leica, Germany).
Construction of MoFLP1 gene disruption vector and fungal transformation
To analyze the function of MoFLP1 gene in M. oryzae, a targeted gene disruption vector pBS-MoFLP1 was constructed by inserting two flanking sequences of MoFLP1 gene into the pBS-HPH1 vector (Liu et al., 2007) . First, a 1.3-kb KpnI-XhoI fragment from the 5′ end of the MoFLP1 gene obtained by PCR with primers s98upp1 (5′-AAggtaccTCATTGAGGTTACCGGGGATTAG G-3′) and s98upp2 (5′-AAGGGCAGAGTTTAC ACAGGAAGG-3′) was inserted into the KpnI-XhoI site of pBS-HPH1 to produce plasmid pMoFLP1-UP-HPH. Then a 1.5-kb XbaI-NotI fragment from the 3′ end of the MoFLP1 gene was amplified with primers s98downp1 (5′-AAtctagaTGATGGTCGG CGTCGCTATTATTAC-3′) and s98downp2 (5′-A AgcggccgcGGGGGCTGGCAAGGTGTCG-3′) and inserted into the XbaI-NotI site of pMoFLP1-UP-HPH to produce pBS-MoFLP1. After linearization by HindIII, the targeted gene disruption vector, namely, pBS-MoFLP1, was introduced into the protoplasts of Guy11. Protoplast preparation and transformation were performed by previously established procedures with some modification (Talbot et al., 1993; Lu et al., 2007b) . After incubation for 7 d in the dark, transformants were transferred to CM plates with hygromycin B for further selection.
Identification of MoFLP1 null mutants
Gene deletion mutants were identified initially by PCR using the checking primers s98checkp1 (5′-GGGGAGCGCCAAGAACATCACCATC-3′) and s98checkp2 (5′-AGCGGCGGGCGGAAGAGTCAA G-3′), which are internal to MoFLP1. The putative gene deletion mutants were purified by single-spore isolation and the single integration event was confirmed by Southern blot analysis.
Vegetative growth, conidiation, appressorium formation, and conidial adhesion assays
Assays for vegetative growth, conidiation, appressorium formation, and appressorium turgor were performed by established protocols as described previously (Lu et al., 2007b; Liu TB et al., 2008) . Conidial development analysis was performed as described by Yi et al.(2008) and conidial adhesion was analyzed according to the method proposed by Ahn et al.(2004) .
Pathogenicity tests
Pathogenicity tests were also carried out by the established protocols as previously described (Lu et al., 2007b) . Two-week-old rice seedlings (cv CO-39) and eight-day-old barley leaves (cv ZJ-8) were inoculated by spraying conidial suspension (1×10 5 conidia/ml) and then placed in a growth chamber with a 12-h photophase using fluorescent lights for 7 d. Disease severity was recorded according to the method proposed by Bonman et al.(1986) .
RESULTS
Isolation of MoFLP1
An expressed sequence tag (EST) (s98) encoding an M. oryzae fasciclin-like protein (MoFLP1) was found in a Magnaporthe subtractive suppressive cDNA library (Lu et al., 2005a) . After searching the M. oryzae database (http://www.broad.mit.edu/ annotation/fungi/magnaporthe/) using BLAST algorithm, this EST was found in corresponding to a hypothetical protein, MGG_02884.6, with a 100% nucleotide identity in strain 70-15.
To find out the potential role of MoFLP1, we isolated a full-length MoFLP1 gene from the mature appressorium cDNA library (Lu et al., 2005b) by PCR. Sequence analysis (GenBank accession No. FJ608586) revealed that MoFLP1 is 1050 bp long, encoding a 349-amino acid protein with a calculated molecular weight of 35.85 kDa and a pI of 7.76. As an expected transmembrane protein, the predicted MoFLP1 protein contains both a putative signal peptide protein consisting of 17 mainly hydrophobic amino acids in the N-terminus (Fig.1) (Dyrløv Bendtsen et al., 2004) and an 18-amino acid potential signal sequence for a GPI anchor in the C-terminus ( Fig.1) (Eisenhaber et al., 1998) . Four potential N-glycosylation sites were also identified in MoFLP1 (Fig.1) (Bairoch et al., 1997) . A homology search of the database suggested that MoFLP1 contains a characteristic region, homologous to the fasciclin domain found in fungal and plant fasciclin-like proteins (Miyazaki et al., 2007; Johnson et al., 2003; Dahiya et al., 2006; Liu D et al., 2008) . H1 and H2, the important regions involved in cell adhesion in the fasciclin domain (Kawamoto et al., 1998) , and the putative adhesion motif located between the H1 and H2 regions (Liu D et al., 2008) were also identified within the fasciclin-like domain of MoFLP1 (Fig.1) . As of this writing, no analysis of a fungal fasciclin-like protein had been reported in ascomycetous fungi, whereas several amino acid sequences of presumable homologues of MoFLP1 were found in databases. An amino acid sequence alignment of MoFLP1 with three putative plant pathogenic fungi homologues obtained by the maximum parsimony analysis is shown in Fig.1 . These proteins are homologous throughout, and H1 and H2 were partially conserved in comparison to a consensus sequence generated from 78 fasciclin proteins in various species (Kawamoto et al., 1998) .
Cellular localization of MoFLP1
To determine the cellular localization of MoFLP1 in M. oryzae, we constructed a MoFLP1-fluorescent green protein gene fusion construct (pMoFLP1-GFP) under control of the NAR promoter (Lu et al., 2007a) . The MoFLP1-GFP fusion construct linearized with XbaI was transformed into the protoplasts of Guy11 strain. Two strains carrying a single copy integration of pMoFLP1-GFP were confirmed by Southern blot analysis (data not shown). GFP detection was performed by using confocal laser scanning fluorescence microscopy. GFP fluorescence observation showed that the MoFLP1-GFP fusion protein was located in the vacuoles of conidia, mycelia, and appressoria of the transformant NMG2 (Fig.2 in p.440) . When pGFP-ATG1 (Liu et al., 2007) , a control green fluorescent protein fusion expression vector built with the same strategy as pMoFLP1-GFP, was transformed into the Guy11 strain, the fluorescence was typically localized in the cytoplasm (Fig.2d) . Based on the sequence analysis results and the localization pattern described above, we predicted that the MoFLP1 protein possibly was localized on the membrane of the vacuoles.
Disruption of MoFLP1
To determine the role of MoFLP1 at the molecular level, a targeted gene disruption experiment was adopted to obtain MoFLP1 null mutants. The gene disruption vector, pBS-MoFLP1 (Fig.3a) , was transformed into the protoplasts of Guy11 strain after confirmation by sequencing and linearization by HindIII. Eighty-nine hygromycin-resistant transformants were obtained and screened by PCR using primers, s98checkp1 and s98checkp2, internal to MoFLP1. Two of these transformants were confirmed to have lost their MoFLP1 genes and subsequently purified by single-spore isolation. In Southern blot analysis, a 5.4-kb fragment was detected in the two transformants in contrast with a 7.3-kb fragment in the wild-type strain. The band shift from 7.3 to 5.4 kb indicated that MoFLP1 had been replaced by HPH gene in mutants s98-7 and s98-59 (Fig.3b) . The mutants were further confirmed by the presence of HPH gene, as defined by PCR with HPH specific primers (data not shown). The growth rates of the ∆moflp1 null mutants (s98-7 and s98-59) were indistinguishable (P≤0.01) from the wild-type strain Guy11 when cultured on CM plates. However, in contrast to the dense aerial hyphae in the wild-type strain, the ∆moflp1 null mutants produced sparse aerial hyphae on CM plates (Fig.4a) . Meanwhile, conidiation in ∆moflp1 mutants was reduced significantly. The two independently generated mutants produced fewer conidia, approximately 8% of those in the wild-type (Table 1) . To observe the conidial development, agar slices containing mycelia were cut and transferred to 2% water agar plates after scraping away the aerial hyphae and kept under constant illumination at 25 °C. At 24 h post-incubation, the wild-type strain developed dense aerial hyphae with 3~5 conidia, while both of the ∆moflp1 mutants produced fewer aerial hyphae and single developed conidia (Fig.4b) . In addition, we also observed a significant reduction (~15%) in conidial adhesion to the hydrophobic surface of GelBond (Table 1) . However, targeted disruption of MoFLP1 had no effect on conidial germination and appressorium formation (Table 1) . Interestingly, appressorium turgor pressure was affected by disruption of MoFLP1. When exposed to 2 mol/L glycerol solution 24 h after incubation, approximately half of the appressoria in the two ∆moflp1 mutants had collapsed in comparison to 23.21% of the appressoria in wildtype Guy11 (Table 1 ). The growth of the ∆moflp1 mutants was also assessed on MM-C and MM-N media and was comparable (P≤0.05). These results indicate that the ∆moflp1 mutants are not sensitive to such starvation and the MoFLP1 gene is not necessary for normal growth under such circumstances.
Effect of MoFLP1 on full virulence
To evaluate the pathogenicity of ∆moflp1 mutants to the susceptible host, rice plants were inoculated by spraying with the conidia of wild-type and two ∆moflp1 mutants. The lesions caused by the wild-type strain are typical spindle-like and gray-centered, most of which coalesced later, whereas those caused by the ∆moflp1 mutants were small and isolated (Fig.5a ). Severity of disease caused by ∆moflp1 mutants reduced significantly. Plants inoculated with the ∆moflp1 mutants were graded as 1 to 2, with more than 90% of the plants scored as 1, in contrast to 90% of those inoculated with the wild-type scored as 4 to 5. In a 5-cm section of leaf, the disease lesion density caused by the ∆moflp1 mutants was only ~15% of that caused by the wild-type strain (Fig.5b, P≤0.01) . Similar results were obtained when spraying on barley leaves with the conidia of the wild-type and two ∆moflp1 mutants (data not shown). Consequently, MoFLP1 was vital for full virulence in M. oryzae. Mycelial plugs measuring 1 cm diameter were taken from 10-d-old colonies cultured on CM plates. Conidia were collected in 1 ml of distilled water and counted with a haemacytometer under a microscopy; b 10-d-old conidia of each strain were harvested and conidial concentrations were adjusted to 5×10 5 conidia/ml with distilled water. 5 μl of suspension was placed on GelBond film and incubated in a humid box. Conidial adhesion was measured after 2 h as described by Ahn et al.(2004) ; c 10-d-old conidia of each strain were harvested and conidial concentrations were adjusted to 1×10 5 conidia/ml with distilled water. Conidial germination was measured after 2 and 4 h; d 10-d-old conidia of each strain were harvested and conidial concentrations were adjusted to 1×10 5 conidia/ml with distilled water. Appressorium formation was measured after 6, 12, and 24 h on duplicate films as described previously (Liu TB et al., 2008) ; e Appressorium turgor was measured as described previously (Lu et al., 2007) . The proportion of collapsed appressoria was recorded after exposure to 2 mol/L glycerol solution for 10 min; The wild-type Guy11 and ∆moflp1 mutants s98-7 and s98-59 were cultured on CM plates for 10 d and photographed. Bar=1 cm; (b) Conidial development assay was performed as described by Yi et al.(2008) and conidiation was observed under a light microscope after 24 h. Bar=30 μm 
DISCUSSION
In this study, we analyzed a novel fungal fasciclin-like protein-encoding gene, MoFLP1, isolated from M. oryzae using a PCR-based strategy and investigated the contribution of fasciclin-like protein in conidiation and pathogenicity of M. oryzae using targeted gene disruption strategy. The experimental results suggest that MoFLP1 has a characteristic region homologous to the fasciclin domain found in fasciclin family proteins and that the MoFLP1 gene is required for the conidiation and pathogenicity of M. oryzae.
Fasciclin family proteins have already been found in a variety of organisms (Huber and Sumper, 1994; Paulsrud and Lindblad, 2002; Carr et al., 2003; Johnson et al., 2003) , in which they promote cell-to-cell adhesion (Huber and Sumper, 1994; Kawamoto et al., 1998; Kim et al., 2000; Sato et al., 2004) . Recently, a fungal fasciclin-like proteinencoding gene Le.flp1 was isolated from the basidiomycetous mushroom Lentinus edodes and functionally analyzed, which suggests that Le.flp1 plays a role in cell differentiation and development in ubiquitous tissues during fruiting body formation possibly through cell adhesion (Miyazaki et al., 2007) . Besides the putative fungal fasciclin proteins (Fig.1) , there are several putative ascomycetous homologues of MoFLP1 in databases. However, no analysis of fungal fasciclin family proteins has been reported in ascomycetes yet.
In the plant Zinnia elegans, ZeFLA11, a fasciclin domain-containing protein, has been predicted to have both an N-terminal signal peptide and a cleavable signal peptide with a C-terminus site for the GPI anchor, and to function as a cell-surface GPIanchored glycoprotein (Dahiya et al., 2006) . In the present study, the MoFLP1 and other fungal homologues ( Fig.1) seem to contain both a hydrophobic signal peptide with a potential cleavable site in the N-terminus (Dyrløv Bendtsen et al., 2004) and a GPI anchor site in the C-terminus (Eisenhaber et al., 1998) . These results suggest that MoFLP1 may work as an extracellular and/or membrane-bound protein.
MoFLP1-GFP fusion expression experiments showed that the MoFLP1 protein was located at the vacuoles. Considering the computer program-predicted results and subcellular localization analysis, we speculated that the MoFLP1 protein might be located on the membrane of the vacuoles.
In M. oryzae, targeted deletion of fasciclin-like protein-encoding gene, MoFLP1, resulted in markedly reduced production of conidia. The conidial formation in the rice blast fungus is a complicated process, affected by many known signal pathways, such as cyclic adenosine monophosphate (cAMP) signaling (Adachi and Hamer, 1998) , mitogenactivated protein (MAP) kinase (Zhao et al., 2007) , and autophagy pathways (Veneault-Fourrey et al., 2006; Liu et al., 2007) . The conidiation was also affected by deletion of the following genes such as funga1 hydrophobin gene MHP1 (Kim et al., 2005) , PAK kinase genes CHM1 and MST20 (Li et al., 2004) , G-beta subunit gene MGB1 (Nishimura et al., 2003) , a blue light receptor gene MgWC-1 (Lee et al., 2006) , and a type III integral transmembrane protein encoding gene MTP1 . Although the mechanism of conidiation reduction in ∆moflp1 mutants remains unclear, it was reported that conidium formation relies on the endogenous sources for nutrient supply through autophagy in Aspergillus oryzae or M. oryzae (Kikuma et al., 2006; Liu et al., 2007) . Therefore, further study is still needed to confirm the relationships between MoFLP1 gene and other known signal pathways such as autophagy.
Targeted disruption of MoFLP1 also resulted in remarkably reduced pathogenicity on rice. There are two possible explanations for this. First, deletion of MoFLP1 gene resulted in a significant reduction of conidial adhesion to the hydrophobic surface of GelBond. In animals, it has been suggested that fasciclin/βig-h3 may act as a cell adhesion substrate (Park et al., 2004) and promote cell attachment activity (Sato et al., 2004) . In plants, fasciclin-like arabinogalactan proteins have been implicated to be associated with plant growth and development in various processes, including embryogenesis, cell adhesion, and cell proliferation (Schultz et al., 2000; Johnson et al., 2003) . In M. oryzae, deletion of an extracellular matrix protein encoding gene, EMP1, also resulted in the reduction of conidial adhesion and pathogenicity (Ahn et al., 2004) . Appressorium penetration may require stronger adhesion to break the cuticle layer and the epidermal cell wall. Thus, the reduction of conidial adhesion may result in the reduction of pathogenicity on rice. Second, deletion of MoFLP1 resulted in a reduction of appressorium turgor in ∆moflp1 mutants, which may cause the decreased penetration ability. Disruption of nonhistone protein coding gene MNH6 and autophagy-related gene MgATG1 in M. oryzae also caused a reduction of appressorium turgor, leading to the loss of the ability to penetrate plants (Lu et al., 2007b; Liu et al., 2007) .
In conclusion, the MoFLP1 gene encodes a fasciclin-like protein and plays significant roles in conidiation, conidial adhesion, and pathogenicity in M. oryzae. Identification of MoFLP1 as a novel fasciclin-like protein, which was involved in above fungal developmental stages, may be very helpful to find fungal signaling pathways and new strategies to control rice blast disease. Future studies are needed to further examine the roles of MoFLP1 in other signaling pathways, such as autophagy, in conidiation and pathogenicity of M. oryzae.
